Background: Neuropathic pain is thought to be mediated by aberrant impulses from sensitized primary afferents, and the temporal summation of the discharges might also influence nociceptive processing. Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels (Ih current) generate rhythmic activity in neurons within the central nervous system and contribute to nociceptors excitability in neuropathic pain. Methods: We searched for single fibres with ectopic spontaneous discharges from an in vitro preparation in mice containing a neuroma formed in a peripheral branch of the saphenous nerve together with the undamaged branches. Results: Both damaged (axotomized) and undamaged fibres (putative intact) developed ectopic spontaneous activity with different temporal spike trains: Clock-like, Irregular or Bursts. The Ih current blocker, ZD7288, significantly suppressed ectopic spontaneous discharges in nociceptive fibres (3/5 Ad-and 24/31 C-units and 1 nonclassified) by 64%. Additionally, ZD7288 changed the spike patterns of 5/7 Clock-like and 3/4 Burst units to Irregular. Exogenous cAMP produced a significant 65% increase in the ectopic firing in 5 Irregular fibres, which was restored by ZD7288. In six additional fibres (three Clock-like and three Irregular), exogenous cAMP had no further effect, but co-application with ZD7288 decreased their discharge by half. These units showed significant higher levels of discharges than the cAMP-sensitive ones. Conclusions: Our data suggest that HCN channels modulate ectopic spontaneous firing in C-nociceptors and shape their temporal patterns of discharge which will, ultimately, modify the nociceptive message received and processed by second-order neurons. Significance: We show an involvement of HCN channels in the modulation of ectopic spontaneous discharges from C-nociceptors. This finding exposes a mechanism of nociceptive transmission enhancement and highlights the clinical relevance of peripheral HCN blockade for spontaneous pain relief during neuropathy.
Introduction
Spontaneous pain, the main symptom reported by patients with peripheral neuropathies (Truini et al., 2013; Vollert et al., 2017) , seems to originate and prevail through aberrant spontaneous discharges fired by peripheral afferents (Baron et al., 2013; Meacham et al., 2017) . The ectopic reorganization of different Nav and Kv channels renders hyperexcitable membranes leading to abnormal firing (Campbell and Meyer, 2006; Devor, 2006) . Among these entities, experimental evidences point to a fundamental role of the Ih current in this pathology. The Ih current, driven by hyperpolarizing-activated cyclic nucleotide channels or HCN channels, is increased in medium and large diameter size DRG and trigeminal neurons after nerve injury (Chaplan et al., 2003; Yao et al., 2003; Kitagawa et al., 2006) . Pharmacological blockade of HCN channels decreases mechanical hyperalgesia in different neuropathic pain models (Chaplan et al., 2003; Luo et al., 2007; Jiang et al., 2008; Young et al., 2014; Tsantoulas et al., 2017) and reduces spontaneous activity in myelinated A-fibres after nerve damage when applied locally (Chaplan et al., 2003; Jiang et al., 2008) .
Hyperpolarization-activated cyclic nucleotide-gated channels are referred to as 'pacemaker channels' as they underlie rhythmic activity within groups of excitable cells. Their activation favours the probability of subsequent AP firing shaping neuronal responsiveness and the temporal spike trains of the neuronal discharge (L€ uthi and McCormick, 1998) . Primary afferent fibres are quiescent unless stimulated, however, upon nerve damage they became spontaneous and may exhibit different temporal patterns of discharge (Tal and Eliav, 1996; Michaelis et al., 2000; Bernal et al., 2016) . A redistribution of HCN channels after nerve damage would have a decisive influence on these spike trains. It has long been suggested that both the magnitude and the quality of pain sensation are encoded by the temporal summation of the nociceptive discharge (Koltzenburg and Handwerker, 1994; Cho et al., 2016) and that different responses before and after a nerve injury might be associated with the temporal patterns of spontaneous spikes (Sandk€ uhler, 1996) . However, the relevance of the temporal patterns of ectopic discharges in the nociceptive message has never been examined in depth before.
Microneurographic studies in neuropathic pain patients described the presence of spontaneously active C-fibres, which correlate with the presence of pain (Kleggetveit and Jørum, 2010; Kleggetveit et al., 2012; Serra et al., 2012) . Although impulse barrage from sensitized afferents seems relevant during neuropathic pain (Pitcher and Henry, 2008; Haroutounian et al., 2014) , the characterization of the effects of HCN channel peripheral blockade on ectopic C-fibres has not been attempted before. To address this question, we performed a series of experiments in a mice model of partial axotomy of the saphenous nerve, which renders~20%-30% of the C-fibres spontaneously active when examined in vitro, exhibiting discharge rates suitable for pharmacological studies (Bernal et al., 2016) . We examined the effect of the Ih blocker ZD7288 on spontaneously active fibres alone or in combination with an exogenous cAMP donor, which is a modulator of HCN excitability (Stieber et al., 2005) known to up-regulate in models of neuropathic pain (Tsantoulas et al., 2017) .
Materials and methods

Animals
Adult outbred CD1 female mice (n = 36, body weight 26-55 g) were used. European Union and State legislation for the regulation of animal experiments was followed, and the local Animal Care Facility and Regional Government approved the experimental protocols (project licence: ES280050001165).
Spared saphenous nerve injury (SSNI)
Nerve-end neuromas were induced by section of one of the peripheral branches of the saphenous nerves in 28 mice as previously described (Bernal et al., 2016) . Briefly, under deep anaesthesia with isoflurane (~3.5%-4% in pure O 2 ), the saphenous nerve was exposed at the mid-thigh level. One of the branches was dissected free and tightly ligated with 8-0 silk, and its distal end was inserted in a 2-mm-long silicone tube (0.44 mm internal diameter) to prevent lateral innervation of surrounding tissue. The incision was closed. Neuromas were created in both paws. Animals were housed in groups of four and inspected periodically for infections or abnormal behaviour. Mice had access to water and food ad libitum.
Most of the experiments were performed~4 week after the surgery (median 27 days, range 15-57). Mice were killed by cervical dislocation, and the saphenous nerve with the neuroma attached to the skin flap was excised and pinned down to a Sylgard â -based recording chamber, corium side up. At the recording chamber, preparations were superfused with oxygenated synthetic interstitial fluid (SIF, see composition below) at a rate of 5 ml/min and maintained at 32 AE 1°C by means of a Peltier device (Warner Instruments, Hamden, CT, USA). The silicon tube around the neuroma was removed, and the neuroma was placed into a glass suction electrode.
Electrical recordings and fibre characterization
The electrical activity from sensory fibres was recorded by means of suction microelectrodes engineered from glass pipettes (20-30 lm external tip diameter) filled with SIF as previously described (Roza and Lopez-Garcia, 2008) . The microelectrode tip was carefully placed in contact to the proximal end of the nerve trunk under visual guidance using a micromanipulator and after applying negative pressure. Experiments were run only when a single fibre was recorded or clearly differentiated from background discharges based on spike amplitude and shape.
The microelectrode was left for a minimum of 1 min to record spontaneous activity (which was defined as a discharge rate >0.03 Hz, 2 spikes/min). Then, controlled electrical pulses of variable duration and intensity (0.2-0.5 ms pulse width, maximum strength 1 mA) were delivered to the neuroma -via a glass suction electrode or neuroma electrode -or to the nerve trunk distal to the neuroma -with a bipolar tungsten electrode or field electrode (WPI, World Precision Instruments, Sarasota, FL, USA) -to identify the origin of the fibres and classified them as axotomized or putative intact fibres, respectively.
Mechanosensitivity was explored by gently touching the neuroma or the skin flap with a smoothtipped glass rode (diameter = 0.5 mm). No attempts were made to establish mechanical thresholds in order to avoid mechanical sensitization. For those fibres presenting mechanical receptive fields in the skin, electrical stimulation was subsequently applied on the receptive field.
Thermal stimulation was only tested when recorded fibres presented spontaneous activity. Temperature increments up to~45°C or decrements down to~15°C were applied by means of a customdesigned manual thermal stimulator. Our device consisted of a small hollow metal cube (~9 mm 2 contact surface), which allowed circulation of hot or cold water. The stimuli were ramp-shaped, and the desired temperatures were reached in~25 s. The probe/skin temperature was measured with a thermopar, which was fed to the computer via a temperature controller (Physitemp BAT-12, Physitemp Instruments, Clifton, NJ, USA).
Electrical signals were recorded by means of a Dagan EX4-400 amplifier (Dagan, Minneapolis, MS, USA), digitized at 20 KHz (Power 1401, CED, Cambridge Electronic Design, Cambridge, UK) and stored for offline analysis. Fibres were classified according to their conduction velocity into Ad-units (CV > 1 < 16 m/s) or C-units (CV < 0.9 m/s) based on pilot experiments using whole nerve recordings, which showed a CV of 0.8 m/s for the C-fibre volley.
When a second preparation from the same animal was used (within the same day), it was stored in oxygenated SIF at 4°C. There were no detectable differences in results between the first and second preparations studied.
Control experiments in intact fibres
In a separate series of experiments performed in eight mice, the saphenous nerve was dissected in continuity with the skin flap and placed in the recording chamber. Electrophysiological recordings and mechanical/thermal stimulation were performed following the same protocol described above for putative intact units.
2.5
Testing the effects of Ih current modulation on spontaneous activity ZD7288 (4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride) has been shown to be a specific HCN channel blocker when used at low concentration in our experimental conditions (Mazo et al., 2013) . We tested its effect in a proportion of fibres with ectopic spontaneous discharges. Following a baseline period of~30 min in which the fibre exhibited stable firing, ZD7288 was superfused for 30 min to the whole preparation. To establish changes in spontaneous activity, the firing frequency was measured 5 min prior to ZD7288 -baselineand compared with the firing frequency for the last 5 min just before washout. A reduction >35% in the mean instantaneous or peak frequencies of the discharge was considered as an effect. In an additional set of experiments, we aimed to evaluate the extent to which the effect of Ih blockade on ectopic spontaneous firing could be further modulated by cAMP. We tested the effects of the cAMP donor 8-bromoadenosine 3 0 ,5 0 -cyclic monophosphate sodium salt (8-BrcAMP) in a proportion of fibres with ectopic spontaneous discharges before or after ZD7288 superfusion. 8-Br-cAMP (100 lmol/L) was applied alone (before ZD7288), in combination with ZD7288 or after ZD7288 and left for 40 min. The firing frequency of the fibre was calculated during the last 5 min of perfusion. An increase/decrease of 35% in the mean frequency of discharge was considered an effect. Finally, the effect of ZD7288 was tested in a proportion of cold-responsive fibres with ongoing discharges in skin-nerve preparations obtained from na€ ıve mice.
Solutions
SIF composition was (mmol/L) as follows: 108 NaCl, 3.48 KCl, 0.7 MgSO 4 , 26 NaHCO 3 , 1.7 NaH 2 PO 4 , 1.53 CaCl 2 , 9.6 sodium gluconate, 5.55 glucose and 7.6 sucrose.
Stock solutions of 10 À2 mol/L ZD7288 (Tocris, Bristol, UK) and 10 À3 mol/L 8-Br-cAMP (SigmaAldrich, St. Louis, MI, USA), prepared in ultrapure water, were stored in aliquots at À20°C. On the day of the experiment, the drugs were freshly diluted in SIF to their final concentrations: 10 lmol/L for ZD7288 and 100 lmol/L for 8-Br-cAMP.
Data analysis
Waveforms were analysed offline with Spike 2 software (CED, Cambridge Electronic Design). Mean frequency of spontaneous discharges was measured during an undisturbed 5-min period. Autocorrelogram histograms (ACHs) were plotted from the spikes recorded during that period of time, and contamination of the refractory period (2 ms) after spike sorting was assessed. Only data obtained from unequivocally classified units were further analysed. The pattern of spontaneous activity was established using the algorithm Gaussian Locking to a free Oscillator (GLO) that allows identification of regularity in the patterns of spontaneous discharges. Briefly, GLO analyses the instant frequency of individual spikes to characterize the regularity of the spike train. This is determined by the b1 and b2 values (for complete details, see Ref. (Bingmer et al., 2011) ) and the ACH shape. Some of the neurons were characterized by the presence of firing grouped in bursts with different characteristics that were analysed by a customer algorithm called Burst Analyser (BAR). BAR is based on the interspike interval (ISI) obtained from the spike trains of individual neurons and detects the spikes that are fired within a burst. This algorithm allows a characterization of the spike train based on the proportion of spikes fired within a burst, the intraburst frequency and the number of spikes per burst. A fibre that shows at least half of its spikes in burst was classified as Burst. Fibres with simple spikes were classified as Clock-Like (b1 < 0.35 and ACH with at least two peaks) or Irregular (fibres that did not fit in any of the previous groups). For further characterization of the spike patterns, we assessed ISI distribution and interburst intervals -or interval between the first spikes of consecutive bursts -before and after ZD7288. Statistical analyses were performed in GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA) on the raw data using t-test or one-way ANOVA, followed by a post hoc test when appropriate. The level of statistical significance was set at p < 0.05. Values are quoted as mean AE standard error of the mean (SEM).
Results
The aim of this work was to understand the contribution of the Ih current in the development of ectopic spontaneous discharge and its role in shaping the different patterns of ectopic spontaneous discharges in C-fibre nociceptors after partial damage to the saphenous nerve. We searched for fibres present with ectopic spontaneous activity and examined the effect of ZD7288 alone or in combination with 8-BrcAMP on 54 ectopic spontaneously active fibres (48 C-, 5 Ad-fibres and 1 nonclassified) with inputs from the neuroma (n = 8) or the intact skin (n = 46).
Characteristics of nociceptors with ectopic spontaneous discharges
In the SSNI model, ectopic spontaneous discharges develop in axotomized C-fibres but also in C-fibres with mechanical inputs from the skin (distant from the neuroma), which were subsequently named 'putative intact' fibres -see Ref. (Bernal et al., 2016) .
The general electrophysiological properties of axotomized fibres (n = 8) and putative intact fibres (n = 46) presented with ectopic spontaneous discharges are summarized in Table 1 .
As shown in Fig. 1 , visual inspection of the ectopic discharges unveils the presence of a variety of temporal patterns. Automatic classification, based on our algorithms and ISI distribution, defined three groups (see Fig. 1D ). Most of the recorded units (n = 38) were classified as Irregular, as they presented an erratic firing pattern during the recording period (see Fig. 1C ). Ten further fibres were classed as Clock-like as they presented regular discharges (see Fig. 1A ). For analysis and representation purposes, the mean discharge frequency values are given for these two groups of units and are presented in Table 2 . The remaining six fibres fired in burst and were classed as Burst (see Fig. 1B ). Since bursts are clusters of action potentials separated by silent periods, peak frequencies and interburst intervals described better this temporal pattern of discharge (Bingmer et al., 2011) . These values are given in Table 2 .
Effects of Ih blockade on ectopic spontaneous discharges
ZD7288 was applied in a total of 37 fibres with different temporal patterns. The spontaneous activity was significantly reduced in most of the fibres tested (28/37) without affecting their conduction velocity (0.52 AE 0.03 vs. 0.52 AE 0.03 m/s, n = 15, p = 0.98). The effects were similar among the axotomized and putative intact population and also between the Cand Ad-fibres. Hence, for clarity and readability proposes, the effects of ZD7288 are shown separately for each of these temporal patterns (see Fig. 2 ).
ZD7288 significantly reduced by 61% the mean discharge (from 0.40 AE 0.15 to 0.20 AE 0.10, n = 3/5 Ad-and 14/21 C-fibres) of the Irregular units. For the Clock-like units, the mean discharge was reduced by 64% in the seven fibres tested (from 0.46 AE 0.07 to 0.15 AE 0.03, six C-fibres and one nonclassified). Moreover, ISI was significantly increased in all of them (from 2.29 AE 0.04 to 6.6 AE 0.34 s) and five of the units became irregular. The peak discharge of the Burst units was reduced in the presence of ZD7288 (from 12.47 AE 3.22 to 4.32 AE 3.11, n = 4 C-fibres), which, in addition, increased Interburst intervals in two of the units and impaired bursting in the remaining two (Fig. S1 ). Fig. 3 shows a representative example of the effect of ZD7288 in fibres with different patterns of discharge. In a separate series of control experiments, we probed for the presence of C-mechano-cold nociceptors (C-MC), which, although rare, might exhibit ongoing activity at physiological temperature (Zimmermann et al., 2009) . A total of 50 fibres were recorded from na€ ıve skin-nerve preparations (18 A@-and 32 C-units, with mean conduction velocities of 3.66 AE 0.66 and 0.50 AE 0.03 m/s, respectively). Only three C-units that responded when the temperature of their receptive fields was lowered (mean threshold: 21 AE 2°C) presented ongoing irregular discharges. The spontaneous firing of these C-MC fibres was unaltered in the presence of ZD7288 (from 0.36 AE 0.25 to 0.26 AE 0.15 Hz, p > 0.05, data not shown).
Together, these results demonstrate that functional HCN channels play a key role in the generation of the ectopic spontaneous discharges after axotomy, but their contribution in shaping the temporal patterns of discharge on pain fibres made them attractive elements to understand neural coding and peripheral discharge impact on central sensitization.
Ih modulation with 8-Br-cAMP had differential effects on ectopic spontaneous activity
To decipher which subunit could be involved in the development of ectopic spontaneous activity, we evaluated the impact of cAMP of the ectopic discharges using the permeable hydrolysis-resistant cAMP analog 8-bromoadenosine 3 0 ,5 0 -cyclic monophosphate (8 Br-cAMP, 100 lmol/L) in 14 C-units with spontaneous activity and different temporal patterns. In five Irregular units, 8-Br-cAMP increased the mean discharge by~65% (from 0.12 AE 0.03 to 0.19 AE 0.04 Hz) and this effect was reversed by ZD7288 in all of them (to 0.12 AE 0.04 Hz). In the remaining nine fibres, 8-Br-cAMP was devoid of effect on mean instantaneous frequency. However, upon application of ZD7288, the ectopic firing was reduced by~48% (from 0.54 AE 0.1 to 0.28 AE 0.06 Hz) in three Irregular and three Clock-like (for analysis and presentation purposes, the data of these two groups have been plotted together, see Fig. 4A ). The remaining three units with irregular patterns were unaffected by any of the compounds and might represent a population of neurons, in which spontaneous discharges are independent of functional HCN, in accordance with the data presented above in point 3.2.
In a group of the units tested with ZD7288 (see Results 3.2 above), 8-Br-cAMP was co-applied immediately after to assess whether the described excitatory effects were mediated via HCN channels. In six units, the inhibition of the spontaneous activity by ZD7288 was maintained upon application of 8-Br-cAMP (100 lmol/L). The Figure 2 The graphs show the effect of ZD7288 (10 lmol/L) on the mean frequency of discharge for Irregular (A, n = 17), Clock-like (B, n = 7) and Burst (C, n = 4) fibres. White circles accounts for axotomized fibres, and black circles account for putative intact. *p < 0.05, Wilcoxon matched pairs.
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effects were similar for the three Irregular and one Clock-like unit (0.38 AE 0.1 Hz control, 0.13 AE 0.04 ZD7288 and 0.1 AE 0.03 Hz ZD7288 + 8-Br-cAMP, n = 4, shown in Fig. 4B ) and for the two Burst units which peak discharges dropped from 17.42 AE 0.5 to 7.92 AE 5.66 Hz with ZD2788 and to 4.23 AE 2.82 Hz with ZD7288 + 8-Br-cAMP (data not shown).
In terms of cAMP sensitivity and levels of spontaneous discharges, our data suggest the presence of, at least, two population of fibres, which might present a differential expression in their HCN subtype composition.
Discussion
In our study, we have shown that the blockade of HCN channels reduces ectopic spontaneous discharges in a large population of C-fibres innervating experimental neuromas as well as in neighbouring C-fibres innervating intact skin. We have also shown that HCN channels help to shape the temporal patterns of the ectopic spontaneous discharges, consequently adjusting the nociceptive processing of second-order neurons. The sensitivity to 8-Br-cAMP suggests differential expression and/or functionality of HCN channels at the site of damage.
Role of HCN in the development of ectopic spontaneous discharges
In our experiments, the pan-HCN blocker ZD7288 applied at 10 lmol/L significantly inhibited ectopic spontaneous discharges in a large percentage of the examined nociceptive fibres (3/5 Ad-and 24/31 Cunits). These results are in agreement with previous . Fibre 1 is a nonclassified Clock-like unit (mean discharge frequency: 0.37 Hz). Fibre 2 is a C-mechano-heat Burst unit, which according to DER has 95% of the action potentials fired within a burst (peak frequency: 11.58 AE 1.12 Hz and interburst interval: 9.53 AE 0.37 s). Fibre 3 is a C-heat-cold Irregular unit (mean discharge frequency: 0.48 Hz). Note that ZD7288 reduced the discharges and changed the temporal patterns of fibres 1 and 2. The activity is presented as the original recordings (mV) and as ISI plot in a logarithmic y-scale (Log ISI). Gap [] represents a~30-min interval. (B) The upper graph shows the template shapes of the sorted spikes plotted superimposed in a 5-min period (fibre 1: blue, fibre 2: green and fibre 3: red). The bottom panel shows the three clusters clearly differentiated upon using principal components analysis (PCA) in Spike 2. (C) ISI distribution before (black) and after ZD7288 (red). (D) Representation of the preparation with the mechanical receptive field of fibre 2 indicated by the grey circle. The black rectangle represents the neuroma. data describing an inhibitory effect of locally administrated Z7288 on ectopic spontaneous discharges from myelinated A-fibres recorded in vivo after peripheral nerve damage or inflammation (Chaplan et al., 2003; Jiang et al., 2008) . Similarly, single axotomized Caxons recorded in vitro exhibited a marked reduction in the conduction velocity evoked by repetitive electrical stimulation, which was largely dependent on up-regulation of functional Ih currents (Mazo et al., 2013) . These observations point out an increased expression of functional HCN channels at the site of injury and/or along the peripheral nerve in both fast and slow conducting primary afferents (Chaplan et al., 2003; Jiang et al., 2008; Mazo et al., 2013; Young et al., 2014) , which, based on our observations, is not restricted to the damaged neurons. These changes are likely to influence central processing. For example, a recent study in diabetic mice showed an increased c-fos expression in second-order neurons, which was reversed upon pharmacological blockade of peripheral HCN channels and by deleting HCN2 channels in small nociceptive neurons (Tsantoulas et al., 2017) . This would suggest that ongoing activity from C-fibres is enough to trigger central sensitization. Here, we show for the first time the involvement of HCN channels in the development of ectopic spontaneous discharges in C-nociceptors. In the context of neuropathic pain, it is to note that spontaneously active C-fibres correlates with the presence of pain in patients (Kleggetveit and Jørum, 2010; Kleggetveit et al., 2012; Serra et al., 2012) .
The conduction velocity of the fibres was unaltered, which suggests that the action of ZD7288 was devoid of unspecific effects on Nav channels (Wu et al., 2014) . Furthermore, in similar experimental conditions, compound action potentials of A-and Cfibres recorded from intact nerves were unaffected by concentrations of 100 lmol/L ZD7288 (Mazo et al., 2013) .
Role of HCN in neural coding in peripheral nociceptors
One of the most interesting observations in this report is the description of different patterns of discharge recorded extracellularly from C-nociceptors, comparable to those described in the spinal cord . Similar patterns of discharge have been already described in large myelinated fibres after axotomy (Tal and Eliav, 1996; Michaelis et al., 2000) . Our data show for the first time that Ih currents play a role in shaping the temporal patterns of discharge in C-nociceptors, unequivocally altering the message received and processed at the spinal cord. Since 1926, the basic coding element of a neural code was established as the number of spikes fired in a fraction of time (Adrian and Zotterman, 1926a,b) . However, it has long been accepted that a much more complex code arises when neurons are able to emit temporal patterns of spikes whose timing is reliable on a short timescale (Fellous et al., 2004) . It is remarkable that spike patterns are conserved in homologous regions across species (Mochizuki et al., 2016) , suggesting a key role of spike trains in neuronal coding. Unfortunately, data on the role of primary afferents' firing patterns in neural coding have been barely reported (Orio et al., 2012) .
About~20% of the C-fibres exhibited a pattern of regular discharges, which resembles pacemaker-like activity. Remarkably, by blocking HCN channels, the . Note that exogenous cAMP was unable to further excite the group of units with significantly higher rates of ectopic Clock-like or Irregular discharges (n = 6) but increased the discharge in those with lower rates (n = 5 Irregular units). Co-application of 8-Br-cAMP with ZD7288 (10 lmol/L) reduced the discharge firing to a similar degree (~55%) in both groups of fibres, reaching basal levels in the exogenous cAMP-sensitive group (*p < 0.05, one-way ANOVA). (B) The effect of 8-Br-cAMP is likely HCN-specific as it was devoid of effect when HCN channels were previously blocked by ZD7288. The graph shows the inhibitory effect of ZD7288 on the mean frequency of discharge of four individual nociceptors (one Clock-like and three Irregular fibres, *p < 0.05, One-way ANOVA). regular pattern of pacemakers was modified to an irregular spiking mode. An attractive aspect of the Ih current is its widespread contribution to the generation of 'pacemaker' potentials in several nuclei of the CNS where it contributes to the generation of rhythmogenic behaviours of neural networks (L€ uthi and McCormick, 1998) . We proposed that the presence of Ih currents is also responsible for the rhythmic activity of the Clock-like C-nociceptors, which develops after nerve damage. The regular patterns of discharge from cold-sensitive corneal endings depend on the expression of functional Ih currents (Orio et al., 2012) . Although the physiological relevance of these patterns is still unclear, in terms of coding, regular firing can be advantageous because downstream neurons achieve higher signal-to-noise ratio (i.e. regular firing would be more efficient than irregular firing in transmitting nociceptive message to the relay neurons in the spinal cord). For example, the percentage of dorsal horn neurons with Clock-like patterns and high rates of spontaneous discharge were significantly increased after peripheral nerve damage, a likely indicator of central sensitization .
A small proportion of the C-fibres (~12%) showed a pattern of ectopic spontaneous discharges in bursts of low intraburst frequency but peak discharges of 20 Hz. We also observed that HCN blockade rendered some of those fibres nonbursty. Early studies already showed that a small proportion of spontaneous activity in forms of burst in Ab-fibres after nerve injury were modified by ZD7288 (Jiang et al., 2008) . In neural coding, a burst of action potentials increases the possibility of neurotransmitter release in comparison with single spike firing, i.e. favouring message propagation -see Ref. (Lisman, 2011) for a review. For example, burst patterns of activity can produce synaptic plasticity in hippocampal neurons (Huerta and Lisman, 1995) . In our context, burst of activity from C-nociceptors would favour integration of nociceptive information by second-order neurons, hence potentiating central sensitization .
HCN subtypes involved in the generation of ectopic spontaneous discharges
The four members of the HCN family (HCN1 to HCN4) form homo-or heterotetramers yielding Ih current with different activation kinetics and sensitivity to cyclic nucleotides (Chen et al., 2001; Stieber et al., 2005) . HCN1 and 2 are the dominant isoforms expressed in sensory neurons (Moosmang et al., 2001; Chaplan et al., 2003; Momin et al., 2008; Acosta et al., 2012) , but it is generally accepted that HCN2 has a relevant role in the development of positive neuropathic pain symptoms, as HCN2 deletion from Nav1.8 expressing nociceptors completely precluded the development of mechanical and thermal hyperalgesia in experimental models of neuropathic pain (Emery et al., 2011; Young et al., 2014; Tsantoulas et al., 2017) .
In the presence of cAMP, HCN2 subunit shifts towards more positive membrane potentials, whilst HCN1 remains unaltered (Stieber et al., 2005) . The effect of the exogenous cAMP donor 8-Br-cAMP on the aberrant spontaneous activity in our experimental model revealed the presence of two types of units within those present with HCN channels (sensitive to ZD7288). Around 45% of them were sensitive to cAMP, in agreement with the expression of HCN2. In the remaining fibres, cAMP had no effect, which could be explained by the expression of functional HCN1. However, as this group of C-fibres showed significantly higher rates of discharge and included all of the Clock-like units, it could be possible that they present HCN2 channels already modulated by elevated levels of endogenous cAMP, as it has been described to occur after peripheral nerve damage (Allodi et al., 2012) and diabetic-induced neuropathy (Tsantoulas et al., 2017) .
We believe that our results suggest the presence of different HCN subunits at the site of damage, which would influence differently the levels of spontaneous discharges but also adjust the temporal trains. For example, both HCN1 and HCN2 determine firing patterns from cold-sensitive endings in the cornea (Orio et al., 2009 (Orio et al., , 2012 .
Role of HCN channels in neuropathic pain
As one of the characteristic symptoms in patients with peripheral neuropathies is the development of spontaneous pain (Vollert et al., 2017) , blocking aberrant ongoing activity from irritable C-nociceptors should prevent the onset of neuropathic pain. The data presented here, together with previous observations (Chaplan et al., 2003; Jiang et al., 2008; Mazo et al., 2013; Young et al., 2014; Tsantoulas et al., 2017) , support a peripheral accumulation of functional HCN channels at the site of injury, which contributes to generation of aberrant spontaneous discharges in axotomized and putative intact Cfibres. As Ih current also determines the specific temporal patterns of the ectopic discharges in nociceptors, peripheral blockade of HCN channels would also affect spike-time-dependent plasticity in secondorder neurons (Caporale and Dan, 2008; Poo and Bi, 2016) .
Altogether, Ih seems as a valuable peripheral target worth exploring for the clinical treatment of spontaneous pain of neuropathic origin. Moreover, studying HCN modulation would provide interesting tool to understand the neural coding in peripheral nociceptors. In this regard, the evaluation of potential analgesics should include an evaluation of the effects on the temporal spike patterns as well as effects on total discharge.
